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Abstract—The performance of MPPC 13360-6050PE SiPM matrices with parallel and series connections of
elements under conditions of an experiment with a two-phase detector has been investigated, and theoretical
calculations of the signal characteristics have been performed for these matrices. It is shown that the signal
duration does not change with a high accuracy when SiPMs are connected in series but increases with the
number of SiPMs in the matrix when SiPMs are connected in parallel. Within the measurement accuracy, the
integral amplitude of the signal does not depend on the number of elements in a matrix in case of the parallel
connection. For the series connection, the expected decrease in the amplitude is observed, and this decrease
is inversely proportional to the number of elements in the matrix. Based on the results of this study, an SiPM
matrix consisting of four parallel-connected elements has been selected for further use in a two-phase cryo-
genic dark-matter detector since reliable detection of single-photoelectron pulses by this matrix has been

demonstrated at an acceptable signal duration.
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INTRODUCTION

Two-phase detectors based on condensed noble
gases have been used to search for dark matter and
detect rare events, such as coherent neutrino scatter-
ing by nuclei. In these detectors, the search for dark
matter particles is carried out by observing events of
their supposed elastic scattering by atomic nuclei in
the liquid detector phase [1, 2]. Weakly interacting
massive particles (WIMPs) now remain the leading
candidates for performing the role of dark matter par-
ticles [3].

Scattering of WIMPs by nuclei of the detecting
material produces recoil nuclei, which generate pri-
mary-scintillation and primary-ionization signals.
The primary-scintillation signal is measured using
photodetectors that view the detecting volume. Pri-
mary ionization is measured as follows: primary-ion-
ization electrons are pulled out of the liquid into the
gas phase, where they produce an electrolumines-
cence signal under the action of an electric field, and
this signal, like a primary scintillation signal, is
recorded by photodetectors [2]. It is expected that
scintillation and electroluminescence signals pro-
duced by a WIMP will be weak; therefore, a photode-
tector capable of counting single photons is required
for detecting the generated light.

Photomultiplier tubes (PMTs) have been tradition-
ally used as such detectors for detecting primary scin-
tillations and electroluminescence in two-phase
noble-gas detectors until recently. However, a global
trend towards replacing PMTs with more compact sil-
icon photomultipliers (SiPMs) has been observed
today. For example, the application of SiPMs to detect
scintillation and electroluminescence signals has been
proposed in the DarkSide-20k project, which is a con-
tinuation of the only experiment performed worldwide
with the aim of searching for dark matter using a two-
phase argon detector [4, 5]. SiPMs are also considered
as an alternative to PMTs in experiments on the dark-
matter search based on condensed xenon [6].

Moreover, SiPMs are rapidly gaining leadership
among a variety of photon detectors operable in the
spectrum ranges from near UV to near IR in many
fields of application [7, 8], e.g., high-energy physics
[9], astrophysics [10], biology [11, 12], and medicine
[13]. The range of SiPM applications is so wide
because, since they belong to a new generation of pho-
tosensors, they have many advantages over traditional
PMTs at a competitive price, namely, significantly
lower operating voltages, a lower radioactive back-
ground level, a higher photon-detection efficiency, a
compact size, and a wider spectral range [ 14, 15].
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Fig. 1. Circuit diagram of the SiPM (on the left) and its individual cell (on the right).

However, SiPMs usually have a much smaller
active area (on the order of 1 cm?) in comparison with
PMTs, and their use in large-scale detectors and, in
particular, in dark-matter detectors leads to a sharp
increase in their number. As a result, the number of
electronics channels, and, hence, the number of wires
must also be increased, which causes an increase in
the heat flow into a cryogenic chamber.

One of the possible ways to solve the described
problem is to combine several SiPMs into matrices.
Several teams are now actively conducting investiga-
tions in this direction [16, 17]. However, SiPM matri-
ces used in our two-phase cryogenic detector (MPPC
S13360-6050PE, Hamamatsu, Japan) have not yet
been investigated. Therefore, the important tasks are
to study the operation of various configurations of
MPPC S13360-6050PE SiPM matrices at a tempera-
ture of liquid argon and to select the type of a matrix
with the maximum number of SiPMs at which it is still
possible to work in the mode of single-photon count-
ing. It is worth noting that this study is a continuation
of the works in which we investigated the SiPM oper-
ation under cryogenic conditions [18, 19].

THEORY
Case of a Single Cell

The SiPM whose circuit diagram is shown in Fig. 1
(on the left) consists of parallel-connected cells, each
of which is an avalanche photodiode operating in a
Geiger mode, with a quenching resistance connected
to it. Bias voltage U, is applied and the signal is read
out between the cathode and the anode.

Figure 1 (on the right) shows a simplified equiva-
lent circuit diagram of a single SiPM cell. This circuit
ignores the parasitic capacitances, the input imped-
ance of the electronics, and the influence of other
cells. The avalanche photodiode is schematically out-
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lined in Fig. 1 by a dashed line, C, is its capacity and
R, isits resistance during breakdown. For an electron
avalanche to be generated, the bias voltage must
exceed the breakdown voltage U, i.e., the minimum
operating voltage at which a Geiger breakdown occurs.
When a photon hits a cell, a breakdown happens,
which is simulated by closure of key K that adds a
source of voltage U\, to the circuit [20].

Using this simplified circuit as an example, let us
calculate the shape of the SiPM signal upon a break-
down using methods for calculating transients in elec-
tric circuits. Closure of the key initiates a transient
process of capacitor C, discharge, which is repre-
sented by a system of equations

Ubd = ]SRS +ud;
Ubias = IqRq +ud; (1)
Ca'l’.ld zls +14,

where u, is the voltage across capacitor C, .

The output current /,, is the matter of interest here;
therefore, by differentiating the first two equations
with respect to time and by performing linear transfor-
mations, we obtain:

¢AU _1 I +7 ()

q q°
TT, T

where AU = U, — Uy, is the overvoltage, T, , =
R; ,C, are the relaxation times, and T = 1,7, /(T + T,)

is the reduced relaxation time.

Taking into account the boundary condition
R, (+0)=U;,, — u, (+0) =0, the solution of Eq. (2) is

1,(t) = M[l - e;J. 3)

T, + 1,
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Fig. 2. Signal waveform of a single SiPM cell calculated for the ideal case.

After a certain characteristic time 7, the electron
avalanche fades [21], which corresponds to key open-
ing. The subsequent process is described by a system of
equations

Cuy f I g (4)
Upigs = 1,R, + uy.
The solution of system (4) is
I,(1) = Te ™, (5)

_ C,AU

T, + 7T,
Therefore, T, < 1, and 1 = 7,. In regard to this, the
waveform described by Egs. (3) and (5) is represented
in Fig. 2. Thus, the signal has a short rise time and a
long fall time. In reality, the SiPM signal waveform is
different due to the influence of other cells as well as
due to the presence of a parasitic capacitance between
the cell and the silicon substrate. In addition, the
observed waveform also depends on the response
function of the electronics.

where 1,4 = 1,(T)

q

(1-e"). R, <R, [22].

SiPM Matrices

As noted above, it was proposed that SiPMs should
be combined into matrices to reduce the number of
channels in the detector. Figure 3 shows the SiPM
coupling for the series and parallel connections of ele-
ments. For brevity, the following designations are
adopted hereafter: letters S (from series) or P (from
parallel) label the type of connection, and the next
symbol is the number of SiPMs connected thereby.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

For example, P2 is a matrix of two SiPMs connected
in parallel, and 3 is a matrix of three SiPMs con-
nected in series. A single SiPM is denoted as S (from
single).

It should be noted that, when the SiPM is con-
nected in series, a voltage applied to the matrix must
be equal to the operating bias voltage of a single SiPM,
multiplied by the number of elements in the matrix
(N,), since the resistance of the circuit with the series
connection increases N, times. In the case of parallel
connection, the operating voltage corresponds to the
voltage of a single SiPM.

The waveform of a matrix differs from the wave-
form of a single cell. In this case, the simplified circuit
diagram (see Fig. 1, on the right) is unsuitable for cal-
culations since it does not allow taking into account
the effects of other cells, which is essential for matri-
ces. If we modify the circuit shown in Fig. 1 (on the
right) by adding the remaining cells and the input
impedance of the electronics to it, the solution to the
system of equations becomes much more compli-

SN

PN,

—>+-
Fig. 3. Circuit diagrams of the studied types of SiPM con-
nections: series (on the left) and parallel (on the right).
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Fig. 4. Circuit diagrams of different configurations: (a) single SiPM, (b) matrix with the parallel connection of N, SiPMs, and

(c) matrix with the series connection of Ny SiPMs.

cated; therefore, we will make some simplifying
assumptions. We will consider only the falling edge of
the signal (i.e., the times r > 7', see Fig. 2) since it is
this part that makes the major contribution to the sig-
nal duration. The processes of capacitor charging or
discharging occur with the same relaxation time
regardless of the applied voltage; therefore, we exclude
the U,;,, source from the circuit, and the capacitance
of the triggered cell will be considered charged at the
initial time to a certain voltage U (0)=U, < AU,

where AU = Uy, —Upy-
Figure 4 shows the equivalent circuits constructed

in view of the above assumptions for a single SiPM
(Fig. 4a), for a matrix with the parallel connection of

N, SiPMs (Fig. 4b), and for a matrix with the series
connection of N, SiPMs (Fig. 4c). Cases N, =1 and
N, =1 correspond to a single SiPM. Here, R, is the
input impedance of the electronics, R, is the quench-
ing resistance of a pixel, C, is the photodiode capaci-
tance, and N is the number of cells in the SiPM. We
neglected the difference between the total number of
SiPM cells (N ) and the number of nontriggered cells
(N —1),since N> 1.

The initial system of equations for the matrix with
the parallel connection is

&IA+R1-w—j1 )dt =0

R

wlop Ry 1 jmmm:m (6)
N NN,V T C,NN,

I =1,+1,,
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where x = &N; and /,, I,, and I are the currents

through resistors R,, R,, and R /(NN ), respectively
(Fig. 4b).

Since only the falling signal edge is considered, the
desired current through the electronics resistor is

I,(t) = Ie"’", where I, is the amplitude and 7 is the
fall time. Skipping the cumbersome calculations, we
obtain the following for the parallel connection:

Uy

— 0 7
R(+xN,) @

1, = T=1,(0+xN,),

where T, = R,C;.

The system of equations for the matrix with the
series connection has the form

q(x+N

+&Q+ijgzm=
R"(x+N -1)1, N

N
I,=1,+1,.

)

Il (r)d

1
+—— 1y ()ar = 0;
NQINO

Here, /) is the current through the resistor R, /N
(Fig. 4c¢).

The solution of the system of equations in the case
of the series connection is also sought in the form

I,(t) = Ie™"’", while the values of parameters I, and
are
Vol.66 No.4 2023
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Table 1
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Type of connection of

elements in the matrix Current amplitude ,

Relaxation time T Integral amplitude 4;

Single SiPM (.5) o (14 x)‘l o1+ x const

Parallel (PN ,) o (1+ pr)“ o< 14+ xN, const

Series (SN;) oc (X+Ns)_] o< |+ x/N; o 1/N,
I, = Uy . ot=r1, (1 i LJ 9) IUe(t)a’t = R,I,T, where U, is the voltage across resis-
R, (x +N s) N tor R,. Let us compare the signal parameters for matri-

Systems (6) and (8) at N, =1 and N, =1 are
reduced to the case of a single SiPM, for which the val-
ues of parameters /, and T are

U, .
R, (1+x)

I, = t=1,(1+x). (10)

In solutions (7), (9), and (10), there is a parameter

X = % N, which affects the signal characteristics. The

q
physical meaning of the parameter x is the ratio of the
input impedance of the electronics R, to the total
SiPM impedance R, = R,/N .

In order to estimate the value of parameter x, the
impedance of the MPPC S13360-6050PE SiPM was
measured using the method described in [19]. The
measurement conditions were similar to the actual
experimental conditions of a two-phase cryogenic
detector, i.e., at an operating cryogenic temperature
that is close to the boiling point of argon. A value
R, = 12 k€ was obtained. Given that the input imped-
ance of the electronics is R, = 50 €2, we obtain x = 4 X
1073 < 1. The resulting value of parameter x is small
compared to unity; therefore, the signal amplitude and
duration of a single SiPM (see Eq. (10)) coincide with the
values obtained in the case of a single cell (see Eq. (5)).

While processing the SiPM signals in experiments
with the two-phase cryogenic detector, integral ampli-
tude 4, of the SiPM photoelectron signal is calculated
for further analysis. The integral amplitude of the pho-
toelectron signal is determined as the area under the

signal, 4. = IU (¢)dt, where integration is carried out

over some neighborhood of the signal. Amplitude 4, is
proportional to the number of detected photons (pho-
toelectrons).

Since the major contribution to the signal is made by

the trailing signal edge 7, (¢) = Ioeft/ " and its leading
edge makes a much smaller contribution (see Fig. 2),
the integral amplitude of the signal is represented with
high accuracy by the following expression: A4, =

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

ces with the parallel (7) and series (9) connections to
the signal parameters of a single SiPM (10). For clar-
ity, the results of these calculations are summarized in
Table 1.

According to Table 1, we expect an increase in the
signal duration and the constancy of the integral
amplitude with an increase in the number of SiPMs
for the parallel connection of elements in the matrix as
well as a decrease in the signal duration and a decrease
in the integral amplitude with an increase in the num-
ber of SiPMs for the series connection. Since x < 1 for
the studied S13360-6050PE SiPMs, then, according
to theoretical calculations, an increase in the number
of SiPMs in the matrix is followed by a feeble change
in the signal duration regardless of the connection
type.

DESCRIPTION
OF THE EXPERIMENTAL SETUP

We investigated Hamamatsu S13360-6050PE
SiPMs [23]. They are used (Fig. 5) in the two-phase
dark-matter detector being developed by Laboratory
3-3 at the Budker Institute of Nuclear Physics [24—
28]. Here are their basic parameters: the active area is
6 x 6 mm?, the number of pixels is 14 400, and the
spectral sensitivity range is 320—900 nm [23]. At a liq-
uid argon temperature and a bias voltage of 48 V, the
noise rate is less than 0.1 Hz/mm?, the maximum pho-
ton detection efficiency is approximately 54% at a
wavelength of 460 nm [28], and the breakdown voltage
at a liquid argon temperature is 42.3 = 0.5 V.

The experimental setup was based on a cryogenic
chamber cooled with liquid nitrogen (Fig. 6). The
chamber was filled with argon; the thermodynamic
conditions corresponded to the conditions of a real
experiment: the two-phase mode was maintained
inside the chamber, the temperature of the liquid
argon was equal to its boiling point and is 87.3 K, and
the pressure inside the chamber was 1 atm. A matrix
consisting of 11 SiPMs was located in the liquid phase.

The SiPMs were powered by an A1510 module,
which was a part of the CAEN SY4527 universal low-
voltage power supply system. The SiPM signal was
Vol. 66
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Fig. 5. Photograph of the matrix of the studied SiPMs.
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Fig. 6. Layout of the experimental setup. The trigger-signal transfer line is shown with a dashed line.

amplified using the NAICAM N410 amplifier with a
shaping time of 40 ns and a gain of 56. Between the
amplifier and the SiPM, there was a layout board that
allowed SiPM switching. The amplified SiPM signals
were digitized using the CAEN V1740 analog-to-digi-
tal converter (ADC) and transmitted to a computer for
visualization and recording.

The intrinsic noise of the studied SiPMs was prac-
tically absent at the liquid-argon temperature. The
amplitude spectra were measured when the SiPM
matrix was illuminated by an LED emitting at a wave-
length of 565 nm. An optical fiber was laid inside the
chamber, while the LED itself was located outside the
chamber; this allowed minimizing the noise pickup
level of the SiPMs.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

Rectangular voltage pulses with a duration of 60 us
was supplied from a pulse generator for the LED. The
pulse amplitude was selected so that the number of
photons detected by the SiPMs was small enough to
avoid strong distortions of the signal baseline and
pileup of single-photon pulses. The generator signal
was split and also fed to the oscilloscope, which pro-
duced a trigger signal for the ADC.

The measurements were performed in the bias-
voltages range of 44—50 V with a step of 1 V. The upper
limit was determined by the initiation of a self—sus-
taining SiPM breakdown, and the lower limit was
determined by the ability to detect single-photoelec-
tron peaks against the background of external stray
pickup. A bias voltage of 46 V is the most interesting
for us since it is the optimal operating voltage for the
two-phase dark-matter detector used in our labora-
Vol. 66
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Fig. 7. Ray trace of the SiPM signal at a bias voltage of 46 V. The thick red line shows the baseline obtained using the median filter
that was used in the signal processing to account for the baseline offset associated with the operation of amplifiers.

tory: the gain attained at this voltage is sufficient for
reliable detection of single-photon signals, and the
probability of optical crosstalk is not too high yet.

The signal was recorded by a personal computer
(PC) in the form of events with a duration of 160 us.
Figure 7 shows an example of the SiPM signal wave-
form at a bias voltage of 46 V. Photoelectron peaks
caused by detection of photons are observed in the
time interval of 15—75 us where the LED was in the
emitting state. These peaks are quite rare; therefore,
the probability that peaks overlap is not so high. The
thick red line in Fig. 7 shows the baseline obtained
using the median filter. This filter was used in the sig-
nal processing to account for the baseline offset asso-
ciated with the operation of the amplifiers.

RESULTS AND DISCUSSION
Signal Waveform

When studying the signal waveform, we selected
peaks whose amplitude was higher than the noise
pickup level and lower than a certain threshold corre-
sponding to the boundary between the single- and
two-photoelectron signals. The centers of the selected
peaks were superposed, after which averaging was car-
ried out over a sample of 1000 peaks.

Figure 8 shows the waveforms averaged over events
and normalized to the amplitude of a single SiPM, at a
bias voltage of 46 V for matrices with parallel (P2 — P9,
Fig. 8a) and series (52 and 53, Fig. 8b) connections of
elements. The waveform of a single SiPM (.5') is shown
for comparison. The maximum points of the curves
are superposed. It can be seen that, as the number of
SiPMs increases, the signal duration remains constant
for the series connection, as expected. However, the

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

signal duration increases for the parallel connection.
Most likely, this is caused by the operation of the
amplifier: when SiPMs in the matrix with the parallel
connection increase in number, the total capacitance
at the input of the charge-sensitive amplifier increases.
This increases the signal distortion by the amplifier
since the presented signal waveforms are determined
not only by the type of connection of the elements but
also by the response function of the amplifiers. Table 2
presents the absolute values of the full width at half-
maximum (FWHM) of the signals as well as the rela-
tive increase (A) of this value compared to a single
SiPM for matrices with the parallel connection of
their elements (P2 — P9).

Amplitude Spectra

When the amplitude characteristics were investi-
gated, the integral amplitude was calculated for each
peak that exceeded a preset threshold. This threshold
was selected so that all single-photoelectron peaks
were detected. The integral amplitude of a peak was
calculated as its area in the part where the signal
exceeded the baseline reconstructed using the median

Table 2. Signal duration characteristics for matrices with the
parallel SiPM connection: full width at half-maximum
(FWHM) as well as the relative increase (A) of this value
compared to a single SiPM

Characte- SiPM matrix configuration
ristics | g | p2| P3| P4|P5| PG| PT| P8 | P9
FWHM, ns [226|237|255|270|293 (308|327 337|350
A, % 0|5 [13]19|30[36]|45|49 |55
Vol. 66 No.4 2023
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Fig. 8. Waveforms, averaged over events and normalized to the amplitude of a single SiPM, at a bias voltage of 46 V for matrices
with (a) parallel (P2 — P9) and (b) series (52 and 53) connections of SiPMs; the waveform of a single SiPM (.§') is shown for

comparison.

filter. A histogram of the calculated amplitudes was
then plotted.

Figure 9 shows the amplitude spectra obtained
thereby for a single SiPM (for the first channel) at var-
ious bias voltages. The left peak corresponds to the
external noise pickup; it appeared because some of the
signals associated with the external noise pickup
exceed the specified threshold, but the area of such
signals is small. The next, well-separable central peak
corresponds to the single-photon detection by a
SiPM. A peak corresponding to the two-photoelec-
tron signal is also clearly discernible at low bias volt-
ages (up to 47 V), and the presence of this signal is
associated, in particular, with optical crosstalk of
SiPMs [29]. As the bias voltage grows in value, the
integral amplitudes increase and the peaks become
more and more asymmetric, which is associated with
an increase in the probability of afterpulses [29]. Inci-
dentally, the second peak becomes hardly distinguish-
able.

The amplitude spectra of matrices with the parallel
connection of different numbers of SiPMs (P2 — P5)
at a bias voltage of 46 V are shown in Fig. 10. Accord-
ing to Fig. 10, the mean integral amplitude of a single-
photoelectron signal (4,,,.) for matrices with the paral-
lel connection of elements is comparable to the ampli-
tude of a single SiPM. In addition, an increase in the
number of SiPMs in the matrix leads to spectrum
broadening and blurring, because an increase in the
number of SiPMs in the matrix with the parallel con-
nection is followed by an increase in the input capaci-
tance of the charge-sensitive amplifier, which, in turn,
raises the noise level [30].

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

Figure 11 shows the amplitude spectra of a matrix
with two serially connected SiPMs (52). The spec-
trum obtained at a SiPM voltage of 46 V is shown on
the left. It can be seen that the peak due to the external
noise pickup and the spectrum of SiPM signals merge,
which makes it difficult to identify each part of the
spectrum. The spectrum obtained at a SiPM voltage of
48 V is shown on the right; here, the peak of the exter-
nal noise pickup is separable from the signal spectrum.
This allows us not only to estimate the amplitude of a
single-photoelectron SiPM signal at a voltage of 48 V
but also to understand the relative position of the noise
peak and the signal spectrum at lower SiPM voltages
and at 46 V in particular. It can be seen that the mean
integral amplitude of the single-photoelectron signal
from the S2 matrix is much lower relative to a single
SiPM (Fig. 9) at equal bias voltages. The spectrum
itself looks more blurred, and the peak corresponding
to the detection of two photoelectrons is hardly visible.
The latter can be attributed, in particular, to the fact
that, when signals are rare, the current passing
through a chain of SiPMs connected in series appears
to be low, which leads to nonuniform distribution of
the voltage between the SiPMs.

Amplitude Characteristics

It is a common practice to use the dependence of
the mean integral amplitude of a single-photoelectron
signal on the bias voltage to describe the SiPM perfor-
mance since it allows one, after appropriate calibra-
tion, to determine the amplification characteristic of
the SiPM, which is represented by a linear function
[23]. The mean integral amplitude of a single-photo-
Vol. 66
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Fig. 9. Amplitude spectra of a single SiPM at different bias voltages.

electron signal is determined in this case as the differ-
ence in the mean amplitude of adjacent peaks in the
amplitude distribution or as the position of the first
peak relative to zero. It should be noted that this
method is applicable when the peaks of the distribu-
tion are symmetric, as was the case, e.g., in [31]. How-
ever, as can be seen from Figs. 9—11, the presence of a
right tail in photoelectron peaks associated with after-
pulses is a feature of the tested SiPM. In such a situa-
tion, the problem of a method for determining the
mean integral amplitude of a single-photoelectron sig-
nal becomes relevant.

We see two possible methods. In the first one, we
propose estimation of the mean amplitude by that part
of the spectrum that includes the tail on the right (in
Fig. 9, these areas are highlighted with arrows). In the
second method, we propose to use of only the sym-
metric part of the peak, discarding the tail, to fit this
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part with the Gaussian function (see the fits in Figs. 9—11),
and obtain thereby the estimates for the mean value and
rms deviation.

Figure 12 shows the dependences of the mean
amplitude of the single-photoelectron signal for single
SiPMs, which were obtained using the described
methods. The data were averaged over 11 available
channels. The maximum deviation from the mean was
taken as the errors. The solid circles show the data
obtained using the symmetrical part of the peak, and
the solid line shows the linear approximation of these
points. The light squares show the data obtained in
view of the right tail, while the dashed line is the linear
approximation drawn through the first three points.

According to Fig. 12, the higher the bias voltage,
the greater is the difference between the amplitudes
determined using different methods. This fact can be
Vol. 66
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Fig. 10. Amplitude spectra of matrices with the parallel connection of different numbers of SiPMs (P2 — P5) at a bias voltage of 46 V.

attributed to the increase in the probability of after-
pulses with an increase in the bias voltage. Unlike the
data obtained with account for the right tail, the points
obtained using the symmetric part of the peak are rep-
resented by the linear dependence (as expected) owing
to the linearity of the amplification characteristic.
Therefore, from now on, we calculate the amplitude
dependences using the method in which only the sym-
metric part of the peak is taken into account.

Figure 13 shows the voltage dependences of the
mean amplitude of a single-photoelectron signal for
matrices with parallel-connected (P2-— P5) and
series-connected elements (52). The dependences are
represented by linear functions within the measure-
ment accuracy. In addition, the data for the P2 — P5
matrices coincide within the measurement accuracy.
As expected, the amplitude of a single-photoelectron

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

signal for the S2 matrix is less than the amplitude for
a single SiPM and, within the measurement accuracy,
the dependence of the amplitude on the number of

SiPMs in the matrix is A,SNA /A,.S =1/N,. Table 3 pres-
ents the linear parameterization coefficients A4, =
(V —Uyq) G, which describe the voltage dependence

of the mean amplitude of the single-photoelectron
signal for different matrices.

Noise Pickup Level

In addition to the parameters of photoelectron sig-
nals, the levels of external noise pickup were investi-
gated for various SiPM matrices. For this purpose, for
each channel, the rms deviation from the mean value
was calculated among the set of y coordinates of each
point in the time range where events do not contain
Vol. 66
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Fig. 11. Amplitude spectra of the matrix with the series connection (52) at bias voltages of 46 V (on the left) and 48 V (on the right).

Amplitude, nV's
6 —
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Fig. 12. Voltage dependence of the mean amplitude of a single-photoelectron signal, calculated as the average over the part of the
spectrum including the tail (open squares) and as the average over the symmetrical part of the spectrum (solid circles), for a single

SiPM. The data were averaged over 11 available channels.

photoelectron peaks (90—160 us; see Fig. 7). The
obtained values were averaged initially over all chan-
nels (for all matrices except P6—P9, in which there was
only one channel), and then over a sample of 1000
events; the rms deviation of the values in this sample
was taken as an uncertainty.

Figure 14 shows the dependence of the noise
pickup level on the number of SiPMs in the matrix at
a bias voltage of 46 V. It can be seen that the noise

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

pickup level initially increases with an increase in the
number of SiPMs in the matrix and reaches a plateau
when more than six SiPMs are connected.

Discussion of the Results

The results obtained by the other teams, at first
glance, somewhat contradict our results [16, 17, 32,
33]. In particular, it was stated that, when SiPMs are
Vol. 66
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Fig. 13. Dependence of the mean amplitude of a single-photoelectron signal on the voltage for matrices with the parallel connec-
tion of different numbers of SiPMs (P2 — P5) and with the series connection of SiPMs (52).

connected in series, the signal from the matrix turns
out to be faster than the signal from a single SiPM
[32]. Apparently, this is explained by the fact that
parameter x was not small in those works, unlike our
work. In our case, the measurements were carried out
at a cryogenic temperature when the quenching resis-
tance increased by 10—100 times [19] compared to
room temperature, which leads to a decrease in the x
parameter.

Let us take a closer look at the advantages and dis-
advantages of the studied types of connections. Auto-
matic overvoltage control is considered to be an
advantage of the series connection [32]. It eliminates
the need to select SiPMs with equal breakdown volt-
ages, which is especially important in experiments
where the number of SiPM channels is large. On the
other hand, when signals are rare (in particular, at
cryogenic temperatures, when the SiPM noise rate is
low), the current passing through a chain of series-
connected SiPMs turns out to be low, which prevents

Table 3. Coefficients of linear functions representing the
dependences of the mean amplitude of a single-photoelec-
tron signal on the voltage for various matrices

Parameterization SiPM configuration
constant S | P2 | P3| P4| P5| 52
G, ns 0.49 [ 0.47 [ 0.49 [ 0.48 [ 0.47 | 0.37
Upg, V 42.1 | 417 | 41.8 | 41.6 | 41.8 | 43.1

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

automatic overvoltage adjustment. The other advan-
tage of the series connection is a faster signal com-
pared to the parallel connection [32]. At the same
time, the series connection also has drawbacks, in par-
ticular: the need for a higher bias voltage (proportional
to the number of SiPMs in the matrix) and the lower
amplitude compared to single SiPMs.

An advantage of the parallel connection is as fol-
lows: for matrices with this type of connection, the sig-
nal amplitude does not change with an increase in the
number of SiPMs, and the bias voltage for a matrix
remains the same as for a single SiPM. However, the
signal duration from a matrix with parallel-connected
SiPMs increases, albeit slightly, but this is a disadvan-
tage for fast measurements. In addition, SiPMs with
similar breakdown voltages must be selected for the
parallel connection [33] in order to obtain similar per-
formance characteristics of each SiPM in the matrix,
in particular, close single-photoelectron amplitudes
and probabilities of optical crosstalk. Since the MPPC
S13360-6050PE SiPMs we used feature a small varia-
tion in the breakdown voltage, individual selection of
SiPMs was not required in our study.

CONCLUSIONS AND SUMMARY

In this work, we studied the performance of MPPC
S13360-6050PE SiPM matrices with the parallel and
series connection of elements at the temperature of
liquid argon for use in a two-phase cryogenic dark-
Vol. 66
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Fig. 14. Dependence of the noise pickup level (rms deviation) on the number of SiPMs in a matrix at a bias voltage of 46 V: single
SiPM and matrices with the parallel connection of different numbers of SiPMs (P2 — P9) are shown with solid circles, and matri-
ces with the series SiPM connection (52 and 53) are shown with open circles.

matter detector being developed by the Budker Insti-
tute of Nuclear Physics.

The theoretical calculations of the signal character-
istics (the amplitude and duration) were carried out
for a single SiPM and for matrices with parallel and
series connections of elements. The results of these

calculations include parameter x = &N , which

q

determines the nature of the signal change when
SiPMs are combined into matrices. The total quench-
ing resistance R, = R,/N of SiPMs at cryogenic
temperature was measured to estimate the value of this
parameter. It turned out that x = 4 X 1073 < 1. At such
a small parameter, it is expected that the signal dura-
tion at the series and parallel connections will coincide
with the duration of the signal from a single SiPM with
a high accuracy. It is also expected that the integral
amplitude will remain constant with an increase in the
number of elements in the parallel connection and
decrease inversely proportional to the number of ele-
ments in the series connection.

The SiPM matrices with the parallel (P2 — P9) and
series (52,53) connections of elements have been
experimentally studied. The signal duration from the
series-connected SiPMs did not change with a high
accuracy, which is consistent with the theory. The
duration of the signal from the matrix with the parallel
connection increases with the number of SiPMs in the
matrix, which contradicts the performed estimates.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

Most likely, this can be attributed to the operation of
the amplifier: an increase in the number of SiPMs in
the matrix with the parallel connection of elements is
followed by an increase in the total capacitance at the
input of the charge-sensitive amplifier, which results
in a stronger signal distortion by the amplifier.

The experiment confirmed that the number of ele-
ments in the matrix with the parallel connection does
not affect the integral signal amplitude within the
measurement accuracy. At the same time, an expected
decrease in the integral amplitude is observed in
matrices with the series connection, and this decrease
is inversely proportional to the number of elements in
the matrix within the measurement accuracy.

The noise pickup level initially increases with an
increase in the number of SiPMs in the matrix, and
this is true for any type of connection of elements.
Upon further increase in the number of SiPMs, the
dependence reaches a plateau. For matrices with the
series connection, the noise pickup level occurs com-
parable to the signal, which makes it difficult to deter-
mine the amplitude of a single-photoelectron signal
from the spectrum. The same applies to matrices with
the parallel connection of more than five elements.

Thus, according to the results of this study, an
SiPM matrix consisting of four parallel-connected
elements (P4) has been selected for further use in a
two-phase cryogenic detector of dark matter since
reliable measurement of single-photoelectron pulses
against an external background has been demonstrated
Vol. 66
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for this matrix type, and the signal duration has mod-
erately (by 20%) increased compared to a single SiPM.
In addition, it is convenient to arrange the four ele-
ments in the form of a square, obtaining photosensors
with dimensions of 1.2 X 1.2 cm.
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